Abstract-The advent of microelectronics and space technology has enabled the design and testing of many micro-electric propulsion technologies. The University of Surrey has been designing and testing 3 types of thrusters for various space missions, many of which will soon be tested in orbit: 
I. Introduction
Over the last two decades the Surrey Space Centre has established a reputation for the development of innovative systems and demonstrated a number of firsts in the area of small satellite use. Propulsion systems developed at SSC include the traditional as well as more exotic concepts like the solar sail for a picosatellite and solar capture thermal propulsion. Chemical propulsion systems include hybrid and bipropellant systems using green propellants and small monopropellant micropropulsion. Electric propulsion systems include FEEP, resistojets, helicon double layer thrusters, pulsed plasma thrusters, quad confinement thrusters, Ionocrafts and hollow cathode thrusters. The general work ethic emphasises the need for minaturisation and a low cost approach as systems are developed both for small and large satellite use.
II. Propulsion Facilities
SSC has multiple spacecraft design facilities including a concurrent design facility, satellite design labs and a propulsion test facility for thruster design and testing. The Propulsion Test Facility (PTF) has been the centre of decades of propulsion research and was specifically built for chemical propulsion development, the PTF also includes a laminar flow cabinet multiple gas and air feed lines and a vacuum chamber called 'Pegasus'. Pegasus is a 1.5m diameter chamber and is capable at reaching vacuums in the low 10 -7 mbarr, see Figure 1 . It has recently been refurbished and the new control system allows for stepped pressure changes. Recent years have seen the PTF evolve from chemical propulsion to an electric propulsion laboratory. The PTF has a selection of EP diagnostic tools that include rogowski coils, high voltage probes, Langmuir probes, Retarding Field Energy Analysers etc. The PTF is also equipped with a selection of high voltage power supplies that can provide voltages up to 125kV. The SSC thrust stand is an inverted pendulum device, which displaces slightly under an applied force. The amount of displacement versus applied force is determined by the rigidity of the flexors used in the design. The displacement is measured with a noncontact Linear Variable Differential Transformer (LVDT) sensor. The thrust stand has a built-in stepper motor and pulley apparatus that allows the stand to be calibrated actively during experimental trials. This apparatus works by suspending a weight with a precisely known mass from a pulley that transfers this force directly to the thrust stand. The stepper motor can also be used to position the weight in a configuration where it applies no force to the thrust stand. The thruster platform measures 300×300mm and can be adjusted to interface with various types of nonpulsed thrusters. The electrical and propellant connections to the thruster are made such that they apply the least resistance to the movement of the thruster platform. The calibration data can be seen in Figure 3 . The sensitivity of the thrust stand was determined to be
x Average sensitivity = 0.09mN The accuracy of the thrust stand was determined to have an average accuracy of 7.3%
III.
Current EP Projects The Surrey Space Centre electric propulsion group is currently engaged in seven projects, with two additional projects that compliment the work of propulsion research at the Space Centre but are not coordinated by the EPG, these are a solar sail based PhD and a FEEP based PhD. The projects worked on by the EPG are the Helicon Double Layer Thruster (HDLT), a mini HDLT, the Hollow Cathode Thruster (HCT), the Quad Confined Thruster (QCT), a modified HCT (NOVA THRUSTER), a micro PPT (COMPACT PPT) and an Ionocraft project. Brief descriptions of these projects are given later.
The focus on all our research efforts is to drive down, size, mass and costs for each of these proposed systems and where possible to conduct fundamental research. The aim is to introduce these EP technologies on small satellites ranging from 1kg to 1000kg, and to offer a improved performance capability over other propulsion systems to allow new and varied missions to be planned. Figure and Figure summarise the capabilities of the SSC electric propulsion devices with regards to power, specific impulse and thrust. The projects in development are low thrust devices (typically under 10mN) but are aimed to provide increases in specific impulse. The SSTL resistojet has also been included to give a comparison between the EP projects being developed and the current state of the art micro EP device that has been developed in the past by SSC/SSTL. 
IV.
Electric Propulsion Thrusters
IV.1 HDLT-Helicon Double Layer Thruster
The Helicon Double Layer Thruster (HDLT) is classified as an electromagnetic thruster. A radio frequency generator deposits power into the plasma via an antenna. This plasma is accelerated by a double layer which is defined as a strong potential drop occurring over a small scale length (> 1 cm) within a plasma and may also be referred to as an electrostatic shock. The plasma is also coupled to a diverging magnetic field, although the main thrust generating mechanism is believed to be the acceleration of a high energy ion population across the double layer. The formation of double layers has been observed over the following ranges of experimental parameters; pressures of 0.2 -2 mTorr (2.7 x 10 -4 -2.7 x 10 -3 mbar), divergent magnetic fields greater than 50 G and RF input powers greater than 30 W. The HDLT under investigation at the SSC propulsion test facility shown in Figure is able to operate at powers of up to 300 W with a maximum pressure of 3.8 x 10 -4 mbar. Various magnetic field configurations are under investigation in order to assess the influence on magnetic field distribution on plasma parameters. This work is being developed with the inventor of the HDLT, the Australian National University (ANU).
IV.2 HCT-Hollow Cathode Thruster
Hollow cathodes (HCs) are extensively used space devices with application in electric propulsion as electron sources for discharge and neutralization. They are used in Hall Effect Thrusters (HET) and Gridded Ion Thrusters (GIT). They are extensively used in spacecraft charge control relevant to the ambient plasma with application on the International Space Station. In both applications they are mature devices with long flight heritage and demonstrated lifetime of up to 28,000 hours. The operation of the HC is based on field enhanced thermionic electron emission from an insert inside the body of the cathode. Electrons are drawn to an external electrode (anode) which is kept at voltages slightly higher than the ionization potential of the operating gas. The HC has to operate at temperatures of over 1200K, thus they are typically made of refractory metals. Plasma formation in the hollow cathode overcomes space charge limitations and allows high currents to be collected by the anode. HC can operate with a variety of gases. In most space applications Xenon is used due to its high atomic mass, low ionization potential and storage characteristics. Standalone the HC can produce thrust, with lower performance than the high end ion engines, but the main advantage of such a thruster is simplicity and compatibility with limited on board resource spacecrafts. The acceleration mechanism of the gas seems to differ depending on the current drawn from the cathode, being magnetoplasmadynamic at high currents (~25A) and almost purely electrothermal at low currents (~3.2A). In the low power range of small satellite buses, electrothermal acceleration dominates.
Development of a dedicated hollow cathode thruster (HCT) is attractive for use in attitude control and as main propulsion in small spacecraft for orbit control, de-orbit and drag compensation, see Figure . Advantages of the HCT are low discharge voltage, that in some cases can be drawn from the electric bus without conditioning, ability to use components and subsystems of proven propulsion systems (resistojets/cold gas/HET/GIT), and inert propellants compared to other technologies in this thrust range (colloid, FEEP).Research in the Surrey Space Centre (SSC) is aimed at developing a dedicated HCT based on HC technologies, specifically tailored for use on limited on-board resources platforms (<100W power, 1mN, Isp>150s). The operating parameters and geometry of the cathode are chosen to achieve the optimum performance in terms of propulsive efficiency and lifetime. Inert gases are used and the effects of different propellants are estimated in the overall thruster performance. Propulsive efficiency is tested both in-house at SSC and with institutional partners.The SSC HCT has been test fired in the SSC vacuum chamber achieving a performance of 1-2 mN, Isp of 60s at power levels of 60W.
IV.3 Quad Confinement Thruster (QCT)
The Quad Confinement Thruster (QCT) is a high efficiency ion propulsion system for spacecraft applications, so far in its conceptual design phase. This thruster employs four cusped magnetic field regions to promote enhanced ionization efficiency of the propellant and enable Hall Effect acceleration of the ions that provides the principle source of thrust produced by the device. This design is based, to some extent, on the Diverging Cusped-Field (DCF) thruster shown in figure 9 . The DCF thruster, in its original articulation, was designed, build and tested within the Massachusetts Institute of Technology by the Masters of Science student Daniel Courtney 1 . This design itself was a modification of earlier studies at Princeton University by Raitses et al. 2 studying Hall thrusters with non-conventional magnetic field profiles, and the High Efficiency Multi-stage Plasma (HEMP) thrusters designed by Thales Electron Devices. The reason the DCF thruster has recently received much attention in the research community is that it achieves a combination of high efficiency, moderate thrust and low power, making it a desirable technology for small satellite operation. The QCT employs a substantially different magnetic field configuration compared to the original DCF design. The concept for this magnetic field configuration can be credited to work done by Ioffe et al 5 , although this work had no intention of being used for propulsion applications. This topology was selected because the layout proved to be an effective mechanism for plasma heating. From a practical standpoint this configuration is easier to achieve than the original DCF thruster and it provides a clear advantage. This thruster now has four magnetic cusp regions as opposed to two in the original concept. This has the potential to increase the ionization efficiency above that of the original DCF thruster design. Perhaps the greatest advantage of this concept is that the magnetic field can be actively manipulated by varying the current to the electromagnetic coils. There is a possibility that this will allow the thrust to be vectored on satellite missions. The QCT concept is shown schematically in Figure 10 . 
IV.4 Pulsed Plasma Thruster
The COMPACT project will develop the PPT as a micropropulsion system, as it offers favourable performance at the low mass, power and voltage that is required by a picosatellite. It is a reasonably simple design made from a selection of COTS and has had previous flight heritage. The PPT development will capitalise on new understanding on the fundamental workings of the PPT and deliver a system that is targeted to provide the following performance; 6-35 m/s 'V, 0.4-0.8mN thrust (at 10W) and 400-800s specific impulse. 
References

